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(57) Abstract 

A combined torque and angular position detector includes two disks (10, 12) rotatable about a common axis. Relative angular 
displacement of the disks results from torque applied thereto. Each disk has a number of regions of differing optical transmissivity and 
these control the transmission of optical radiation from a source (20) to an array (22) on which an image of the regions of the disks 
is formed. A data processor (24) processes image intensity data and determines the angular positions of the disks and their relative 
displacement. Alternative arrangements are described in which positional information is derived by (i) providing one disk regions of 
intermediate transmissivity of width varying around one disk, (ii) by having the regions of lesser transmissivity of width varying around 
one disk or (iii) by arranging combinations of regions of several different widths around one disk. 
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COMBINED TORQUE AND ANGULAR POSITION SENSOR 

This invention relates to a combined torque and angular position sensor 
for use, for example, in an electrical power assisted steering system 
(EPAS). 

W095/06330 discloses a torque sensor in which there are two relatively 
movable rotary elements which each have alternating first and second 
regions of differing transmissivities, such regions acting to modulate 
optical radiation from a source to form an image on an optical sensor 
array. Data taken from the array is analysed by a data processor to 
determine the relative positions of the two rotary elements by detecting 
the widths of gaps between a first dark area created by a low transmissivity 
region on one rotary element and dark areas on opposite sides of the first 
dark area, such dark areas being created by two adjacent low 
transmissivity regions on the other rotary element. 

In an EPAS system it is also necessary for the current absolute position of 
the rotary elements to be known and in W095/06330 an arrangement is 
described in which a number of the low transmissivity regions on one 
rotary element is of width different from the remainder, so that an "index" 
position can be established when these regions are detected. It has been 
found that a single different low transmissivity region is sufficient for this 
purpose, but when the system is initially switched on the rotary elements 
may have to be turned through up to 180° to enable the index position to 
be detected. 
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It is an object of the present invention to provide a combined torque and 
angular position sensor in which the absolute position can be established 
without requiring any turning of the rotary elements at start-up. 



In accordance with one aspect of the present invention there is provided a 
combined torque and angular position detector comprising a source of 
optical radiation, an array of optical sensors, first and second elements 
interposed between the source and the array, said elements being 
rateable together and also angularly movable relative to one another to a 
limited extent for torque measurement, said first and second elements 
each having a plurality of alternating first and second regions, the first 
regions having greater optical transmissivities than the second regions, 
said second element also having further regions of optical transmissivity 
intermediate the transmissivities of the first and second regions, said 
further regions each being of different angular width, and a data processor 
arranged to collect optical intensity data from each of the sensors of the 
array and operating to process such data to determine the angular position 
of the second element by measuring the width and position of an image of 
a detected one of said further regions thereon, and the relative angular 
displacement of the first and second elements by measuring the position 
of the image of a second region of the second element relative to the 
positions of the images of two adjacent second regions of the first 
element. 



Preferably, the positions of the images first and second regions are 
determined by comparing the optical intensity data for each sensor of the 
array with an upper threshold value. Positions of the further regions are 



WO 99/39169 



PCT/GB99/00301 



-3- 

determined by comparing the intensity data for each sensor of the array 
with a lower threshold value. 

Preferably, the further regions of the second element are arranged to lie 
centrally within the first regions thereof. 

The second element may be formed by laminating a mask which defines 
the first and second regions with a transparent overlay which has semi- 
transparent areas forming the further regions. 

In accordance with a second aspect of the invention there is provided a 
combined torque and angular position sensor comprising a source of 
optical radiation, an array of optical sensors illuminated by said source, 
first and second elements interposed between the source and the array, 
said first and second elements being rotatable together and angularly 
movable relative to one another to a limited extent for torque 
measurement, each of said first and second elements having a plurality of 
alternating first and second regions, said first regions having greater optical 
transmissivities than the second regions, the second regions of second 
element varying in angular width such that the angular widths of the first 
regions thereof decrease progressively around said second element, and a 
data processor connected to receive optical intensity data from each of the 
sensors of the array and operating to process such data to determine the 
angular position of the second element by measuring the position and 
width of the image of the second regions of the second element, and the 
relative angular displacement between the elements by measuring the 
position of an image of a second regions of the first element relative to the 
positions of images of two adjacent second regions of the second element. 
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The second regions of the second element are preferably arranged with 
their centre lines equi-angularly spaced around the element. 

There are preferably two sensor arrays at diametrically opposite positions. 
In this case the second regions of the second element are preferably 
arranged mainly in adjacent pairs around the second element, the two 
second regions of each pair being of the same angular width. To avoid 
having a situation where each array can "see" only second regions of the 
same width as each other, the pairs are staggered by the inclusion of 
single second regions at non-opposite positions. 

In accordance with a third aspect of the invention, there is provided a 
combined torque and angular position sensor comprising a source of 
optical radiation, an array of optical sensors illuminated by said source, 
first and second elements interposed between the source and the array, 
said first and second elements being rotatable together and also angularly 
movable relative to one another to a limited extent for torque 
measurement, each of the first and second elements having a plurality of 
alternating first and second regions, the first regions being of greater 
optical transmissivity than the second regions, whereby a combined image 
of a zone of said elements is formed on the array, the widths of said 
second regions differing from one another such that in any position of the 
first and second element, images of second regions having a unique 
combination of angular widths are present in the image, and a data 
processor connected to receive optical intensity data from each of the 
sensors of the array and operating on such data to determine a coarse 
measurement of the angular position of the elements by identifying which 
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unique combination occurs in the image, a fine measurement of angular 
position in accordance with the position of the image of a selected second 
region within the sensitive image and the relative angular position of the 
elements by determining the position of the image of a second region of 
one element relative to the images of two adjacent second region of the 
other element. 

Preferably to obtain sufficient data to identify the unique combinations 
and measure the angular position and relative angular displacement with a 
high level of resolution and accuracy it is desirable to utilise two sources 
and two sensor arrays at diametrically opposite positions relative to the 
common axis of the first and second elements. 

In the accompanying drawings: 

Figure 1 is a diagram showing the general features of a combined torque 
and angular position detector of the type to which the present invention 
relates; 

Figure 2 is a block diagram of circuitry provided for loading data from 
each sensor of a sensor array included in Figure 1 into a data processor; 

Figure 3 is a diagrammatic representation of a modification of the sensor 
shown in Figure 1 in accordance with the present invention; 

Figure 4 shows idealised "waveforms" derived from the sensor array in a 
zero torque condition using the modification shown in Figure 3; 
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Figure 5 shows idealised "waveforms" derived from those shown in Figure 
4, Figure 5(b) to 5(i) showing the effect of small changes of position of the 
sensor elements relative to the sensor array as indicated by lines (b) to (i) 
in Figure 4; 

Figures 6 and 7 show idealised "waveforms" corresponding to those 
shown in Figures 4 and 5 but with maximum torque present; 

Figure 8 is a diagram illustrating a second embodiment of the invention; 

Figures 9 and 10 are idealised "waveforms" corresponding to those shown 
in Figures 4 and 5, but for the second embodiment- 
Figures 1 1 and 12 are idealised "waveforms" corresponding to Figures 6 
and 7, but for the second embodiment; 

Figure 13 is an illustration showing a third embodiment of the invention; 

Figure 14 is a chart showing a sequence of codes which are obtained in 
this third embodiment of the invention for coarse determination of angular 
position; 

Figure 15 is a set of idealised "waveforms" derived from the sensor 
arrangement shown in Figure 13 at zero torque; 

Figure 1 6(a) to (e) is a set of idealised waveforms derived from those 
shown in Figure 15 showing the effect of relatively small changes in the 
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relative position of the sensor arrays and indicated in lines (a) to (h) in 
Figure 1 7; 

Figure 1 7 is a view like Figure 5 for the maximum torque condition, and 

Figure 18 and 19(a) to (h) correspond to Figure 16(a) to (e) in the full 
torque condition. 

The basic structure of the combined torque and angular position sensors 
described below is shown in Figure 1 which is the same as Figure 1 of 
W096/06330, the description of which may be referred to for a full 
understanding of the operation of the sensor. 

Basically the sensor includes two side-by-side disk elements 10, 12 
respectively mounted on two aligned shafts 2, 4 interconnected by a 
torsion bar 6 in a bore 8 in shaft 14. Each disk element 10, 12 is formed 
with an annular arrangement of arcuate slots 16, 18, the slots 1 6, 18 
representing portions of the disk elements 10, 12 which have a higher 
optical transmissivity than the portions which separate the arcuate slots. 
In the following description these separating portions are referred to as 
"spokes". There are an equal number (e.g. 36) of equi-angularly spaced 
spokes on each disk element and those on one disk element have a 
greater angular width than those on the other element. 

A light source 20 is provided on one side of the disks and an optical 
sensor array 20 is provided on the other. The spokes cast a shadow image 
on the sensor array and by reading optical intensity data from each sensor 
in the array 22 into a data processor 24 and processing this data it is 
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possible to determine the angular displacement of one disk element 
relative to the other. 

The light source 20 is a point source with a diffuses so that the edges of 
the shadow image are somewhat blurred making it possible to determine 
edge positions to a high level of resolution than that which would 
otherwise be imposed by spacing of the sensors in the array 22. 

Various errors are introduced into the intensity measurements taken 
because of variations in the sensitivity of the sensors in the array according 
to the angle of incidence of the light. Furthermore distortions are 
introduced by geometric features of the sensor, but, as explained in detail 
in W096/06330, the data processor compensates for these errors and 
distortions and can produce linearised idealised "waveforms" which are 
effectively idealised snapshots of the image on the array. 

The array used is a 128 pixel linear array which includes, as is usual 128 
analog storage elements into which signals are fed simultaneously when a 
snapshot is taken. These signals are then read out sequentially into a 
differential amplifier 80 via a pixel buffer 74 under the control of a clock 
generator 82 controlling switches 70-73. The differential amplifier 
provides a signal indicating the difference between the pixel value and a 
"dark pixel" reference value 76 via a pixel buffer 78. The difference signal 
is stored in a sample and hold circuit 84 and is then transferred via an 
output buffer to an a/d converter (not shown) of the data processor. For 
each snapshot 128 digital values are stored in the RAM of the processor 
for subsequent processing. 
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Turning now to Figure 3, the basic sensor of Figure 1 is modified by the 
addition of a transparent annular overlay 100 which has semi-transparent 
zones 100a on it. The semi-transparent zones 100a are of progressively 
greater width around the overlay, but their centres are equnangularly 
spaced. The overlay 100 is attached to the disk element 12 with the semi- 
transparent zones mid-way between the spokes of element 12. The 
spokes of the element 1 0 are of a basic width x subtending an angle of 
1 .2901° at the centre of the disk. The spokes of disk element 12 are 1 .4 
times this width. The semi-transparent zones vary from 1 .6x to 5.2x in 
steps of 0.1x. 

Figure 4 shows the idealised "waveform" derived by the processor from 
the data read from the array following a snap-shot, the peaks in the 
waveform representing the dark spaces detected. At zero torque, the "full 
height" portions are exactly as they would be in the basic design. The 
"half-height" portions created by the semi-transparent zones of the overlay 
100 are shown as Wa, Wb, Wo The processor can differentiate between 
full height and half height portions by performing two series of 
comparisons of the waveform with an upper reference level for torque 
determination and with a lower reference level for position determination. 

As shown in Figure 5, in the zero torque condition, no matter what part of 
the waveform is visible to the sensor at the instant of the snapshot, the full 
width of a half height portion is always visible allowing the processor to 
determine which one of the semi-transparent zones is visible and to 
determine its exact position in the array window to allow angular position 
to the accurately calculated. 
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1 Figure 6 shows the situation where full torque is applied. As in the basic 
sensor of Figure 1, the processor can readily determine the relative 
displacement of the two disk elements relative to one another (and hence 
the torque). As shown in Figure 7 it is always possible to identify the 

/ semi-transparent zone which is visible, either by direct measurement of its 
width or by measurement of the width of the gap following it when the 
leading edge is obscured by a full height spoke, or the gap preceding it 
when the trailing edge is so obscured. 

In the embodiment shown in Figure 8, no transparent overlay is used. 
Instead, the spokes on the disk element 12 vary from 1 .2x width to 3.0x 
width as shown diagrammatical ly. As shown an increment of 0.1x is 
applied to the width of alternate spokes, and this has the effect of making 
the gaps between spokes reduce progressively in the clockwise direction 
as viewed in Figure 8. Two arrays are employed at diametrically opposite 
positions and to ensure that a situation cannot occur where the only 
spokes which can be seen by each array, the pairs of spokes are staggered 
by the inclusion of two single spokes 110, 120 at non-opposite positions. 

The zero torque and maximum torque waveforms of Figures 9 to 1 2 show 
that wherever the array windows are located at the time of the snapshot it 
is always possible to determine the ratio between the gaps to determine 
the torque and the width of a spoke to identify the coarse position of the 
dark elements. The processor can use the variable spoke width data and 
the gap data to determine the torque and absolute position accurately. 

In the arrangement shown in Figure 1 3, four different widths of spokes are 
used on the two disk elements 1 0, 1 2. The spoke widths are a =x, 
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b=*1.2x, c«1.4xand d = 1.6x. The spokes on the two disk elements occur 
in the following sequences 

Disk 1 0 aaaaaaaaaaaaaaaaaabcbdccddcbdcbcdddb 
Disk 12 bcdcdbcbbbdccddcbcbbdcbcddddcdbcbbbc 

Figure 1 3 actually shows for each of 36 segments of the disc elements the 
spoke width which appears on the two disk elements. 

Two diametrically opposite arrays are used, each with its own separate 
light source. Once the spoke signals have been normalised and corrected 
the order of visible spokes is established by constructing a code by 
reading spoke widths alternatively from the waveforms for the two array 
windows. The resulting table of codes is shown in Figure 14. 

Figure 15 shows idealised waveforms for the two arrays at zero torque. 
Different array window positions at the instant of the snapshots result in 
the differing situations shown in Figure 16 which shows how a unique 
code sequence for the current angular position is determined. 

Variations in torque do not change the code sequence as overlapping of 
spokes is prohibited by limiting the torque induced displacement. If the 
disks are turned "together" the observed 4-element code changes 
accordingly. At least 5 spoke edges are always visible on each of the 
arrays, so that at least two complete spokes are visible on each array. 
With an even number (i.e. 36) windows and the arrays opposite it can be 
ensured that the visible spokes correspond with each other, in order to 
create the correct "composite" code. Each code includes one spoke "a" so 
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that it is possible to distinguish between the disk elements as only disk 
element 10 has "a" spokes. The coarse disk element position is 
ascertainable to within 5° simply from the codes, fine position data being 
calculated as in the previous embodiments in terms of the exact position 
of the spoke image in the window. 

In assigning the position code, where a particular spoke in one window is 
opposite a wider spoke in the other it is possible that one or other of the 
edges of the wider spoke may be just outside the array window. See, for 
example, Figure 1 6(b) where a complete "a" spoke appear in the array 1 
image, but the corresponding H b" spoke is only partially within the array 2 
image. This situation is recognised by the processor which takes into 
account only complete spoke pair images and assigns the correct code 
bbac, rather than abbe - i.e. the first "a" spoke is ignored. 
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CLAIMS 

1 . A combined torque and angular position detector comprising a 
source of optical radiation, an array of optical sensors, first and second 
elements interposed between the source and the array, said elements 
being rotatable together and also angularly movable relative to one 
another to a limited extent for torque measurement, said first and second 
elements each having a plurality of alternating first and second regions, 
the first regions having greater optical transmissivities than the second 
regions, said second element also having further regions of optical 
transmissivity intermediate the transmissivities of the first and second 
regions, said further regions each being of different angular width, and a 
data processor arranged to collect optical intensity data from each of the 
sensors of the array and operating to process such data to determine the 
angular position of the second element by measuring the width and 
position of an image of a detected one of said further regions thereon, and 
the relative angular displacement of the first and second elements by 
measuring the position of the image of a second region of the second 
element relative to the positions of the images of two adjacent second 
regions of the first element. 

2. A detector as claimed in Claim 1 in which said data processor 
determines the positions of the images of said first and second regions by 
comparing the optical intensity data for each sensor of the array with an 
upper threshold value. 



3. 



A detector as claimed in Claim 2 in which said data processor 
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determines the positions of the images of said further regions by 
comparing the intensity data for each sensor in the array with a lower 
threshold value. 

4. A detector as claimed in any preceding claim in which said 
further regions of said second element are arranged to lie centrally within 
respective ones of the first regions thereof. 

5. A detector as claimed in any preceding claim in which the 
second element comprises a first mask defining said first and second 
regions laminated with a transparent overlay which has semi-transparent 
areas forming said further regions. 

6. A combined torque and angular position sensor comprising a 
source of optical radiation, an array of optical sensors illuminated by said 
source, first and second elements interposed between the source and the 
array, said first and second elements being rotatable together and 
angularly movable relative to one another to a limited extent for torque 
measurement, each of said first and second elements having a plurality of 
alternating first and second regions, said first regions having greater optical 
transmissivities than the second regions, the second regions of second 
element varying in angular width such that the angular widths of the first 
regions thereof decrease progressively around said second element, and a 
data processor connected to receive optical intensity data from each of the 
sensors of the array and operating to process such data to determine the 
angular position of the second element by measuring the position and 
width of the image of the second regions of the second element, and the 
relative angular displacement between the elements by measuring the 
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position of an image of a second regions of the first element relative to the 
positions of images of two adjacent second regions of the second element 

7. A detector as claimed in Claim 6 in which said second regions of 
the second element have centre lines which are equi-angularly spaced 
around said second element. 

8. A detector as claimed in Claim 7 in which there are two sensor 
arrays at diametrically opposite positions. 

9. A detector as claimed in Claim 8 in which the second regions of 
the second element are arranged mainly in adjacent pairs around the 
second element, the two second regions of each pair being of the same 
angular width. 

1 0. A detector as claimed in Claim 9 in which the pairs of regions are 
staggered relative to one another by the inclusion of two single second 
regions at non-opposite positions. 

11. A combined torque and angular position sensor comprising a 
source of optical radiation, an array of optical sensors illuminated by said 
source, first and second elements interposed between the source and the 
array, said first and second elements being rotatable together and also 
angularly movable relative to one another to a limited extent for torque 
measurement, each of the first and second elements having a plurality of 
alternating first and second regions, the first regions being of greater 
optical transmissivity than the second regions, whereby a combined image 
of a zone of said elements is formed on the array, the widths of said 
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second regions differing from one another such that in any position of the 
first and second element, images of second regions having a unique 
combination of angular widths are present in the image, and a data 
processor connected to receive optical intensity data from each of the 
sensors of the array and operating on such data to determine a coarse 
measurement of the angular position of the elements by identifying which 
unique combination occurs in the image, a fine measurement of angular 
position in accordance with the position of the image of a selected second 
region within the sensitive image and the relative angular position of the 
elements by determining the position of the image of a second region of 
one element relative to the images of two adjacent second region of the 
other element. 

12. A detector as claimed in Claim 1 1 in which two sources and two 
arrays are provided at diametrically opposite positions relative to the 
common axis of the first and second elements. 
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